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We report original nonlinear spectral hole-burning experiments in ensembles of single-wall carbon
nanotubes. We have measured the temperature dependence of the excitonic homogeneous linewidth
from 5K up to room temperature. We show that the phonon-induced broadening in the weak
coupling regime predominantly consists in pure dephasing. We present theoretical calculations of
the exciton scattering rate due to phonon absorption within a one-dimensional framework for both
excitons and phonons. We obtain a fair agreement with our experimental data and we discuss the
specic properties of the exciton-phonon coupling in single-wall carbon nanotubes.
PACS numbers: 78.67.Ch, 71.35.-y, 78.47.nd
Single wall carbon nanotubes (SWNTs) are pure
carbon-based nanostructures characterized by a nano-
metric radial quantum connement and a translation in-
variance along the tube axis [1]. The corresponding one-
dimensionality of carriers results in strong Coulomb cor-
relations and in particular to a non-perturbative binding
of an electron-hole pair into an exciton [2{5]. Compared
to epitaxially grown semiconductor quantum wires with
much lower excitonic binding energies [6], SWNTs appear
as a model system with quasi-1D excitonic properties.
The originality of SWNTs is even more pronounced when
considering the exciton-phonon coupling. In SWNTs the
vibrational excitations are also quasi-1D whereas quan-
tum wires, and more generally epitaxially grown nanos-
tructures, are embedded in a semiconductor crystalline
matrix and thus interact with 3D phonons [7{10]. The
exciton-phonon coupling is at the heart of the thermally-
assisted carrier relaxation, and its understanding is of
great interest both from a fundamental point of view
and for the development of carbon-based optoelectronic
devices operating at room-temperature.
The existence of phonon sidebands was identied as a
specic feature of the strong exciton-phonon coupling in
semiconducting SWNTs [11, 12]. This interaction reects
in a dynamical structural distortion which contributes in
binding energies of the order of hundreds of meV [11].
The variety of the exciton-phonon interaction in SWNTs
is further illustrated by the evidence of a broad zero-
phonon line at low temperature, which strongly contrasts
with the phenomenology observed in zero-dimensional
nanostructures [13]. In fact, the study of the temperature
dependence of the excitonic homogeneous linewidth pro-
vides a direct approach for accessing the intrinsic charac-
teristics of the exciton-phonon coupling in SWNTs. How-
ever, optical measurements in ensembles of SWNTs al-
ways suer from inhomogeneous broadening due to chi-
ral variety or environment uctuations. Such an issue
can be experimentally addressed by performing measure-
ments either at the scale of a single SWNT [13{19], or
in SWNTs ensembles by means of nonlinear techniques
such as four-wave mixing [20]. There is nevertheless a
large dispersion in the quantitative analysis of the dif-
ferent temperature-dependent experiments [17, 18, 20].
Moreover, no theoretical calculation was reported so that
there is still a lack for a quantitative interpretation of the
phonon-induced broadening and its diameter dependence
[18].
In this paper, we report original nonlinear spectral
hole-burning experiments in SWNTs ensembles that al-
low us to study the temperature dependence of the exci-
tonic homogeneous linewidth from 5K up to room tem-
perature. We compare our measurements to the spe-
cic contribution due to phonon-assisted population re-
laxation and we nd that pure dephasing dominates the
phonon-induced broadening in SWNTs. In order to reach
a quantitative interpretation of our data, we have calcu-
lated the exciton scattering rate by phonon absorption
within a 1D framework for both excitons and phonons.
From the fair agreement with our experimental values, we
discuss the peculiar 1D properties of the exciton-phonon
interaction in SWNTs.
Our sample consists of SWNTs synthetized by laser
ablation of a doped graphite target and puried by ultra-
sonic and chemical treatment [21, 22]. The linear absorp-
tion spectrum is composed of inhomogeneously broad-
ened lines centered at 0.75 and 1.3 eV corresponding to
the S11 and S22 excitonic transitions in semiconducting
SWNTs, respectively [23]. Our work is focused on the
fundamental S11 transition (Fig.1, inset). In order to sup-
press the inuence of external non-radiative relaxation
processes as much as possible, the SWNTs are rst iso-
lated by the micelle-wrapping technique which allows the
observation of a bright photoluminescence signal [24, 25].
The individual SWNTs are further embedded in a gelatin
matrix following the procedure described in Ref.[26], in
order to perform temperature-dependent measurements.
2Homogeneous linewidth measurements are perfomed
by means of nonlinear spectral hole-burning experiments.
Our experimental scheme is based on dierential trans-
mission experiments in a spectrally resolved cw pump-
probe setup [27]. The pump laser is a semiconductor dis-
tributed feed-back laser seeding an erbium-doped ber
amplier. Its output is coupled to a monomode ber
providing up to 1W at 0.8 eV (1.55 m) within a spec-
tral width  <100 eV, and it is focused on a spot of
6 m-diameter. The probe laser is an external-cavity
semiconductor laser tunable from 1.52 m to 1.6 m.
The pump-induced variation T of the probe transmis-
sion T is detected by a lock-in amplier at the frequency
f1 + f2, where f1 and f2 are the modulation frequencies
of the pump and probe laser intensity, respectively. The
orthogonally-propagating laser beams are both incident
at 45 on the sample mounted on the cold nger of a
continuous-ow helium cryostat for measurements down
to 5K.
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FIG. 1. (Left axis) Dierential transmission T=T (squares)
of the probe laser as a function of energy with a pump laser
of 4 kW.cm 2 at 0.8 eV, for three dierent temperatures:
5, 75 and 250K (the two upper curves are shifted for a bet-
ter visibility). System response function (solid line) of the
nonlinear spectral hole-burning setup. (Right axis) Optical
density spectrum (dotted line) obtained by linear absorption
spectroscopy of the carbon nanotubes gelatine sample. Inset:
optical density spectrum on a larger scale.
The narrow pump laser centered at 0.8 eV partially sat-
urates the absorption of the SWNTs that are in resonance
(Fig.1). The corresponding sub-ensemble of SWNTs re-
duces the overall absorption of the sample in a spec-
tral window determined by the homogeneous linewidth
 . The photo-induced bleaching of the SWNTs sample
is detected by recording the change of transmission of
the tunable probe laser. A typical spectrum of the pump-
induced dierential transmission T=T of the probe laser
is displayed in Fig.1, for a pump power of 4 kW.cm 2.
At low temperature, the nonlinear signal exhibits a pro-
nounced bleaching with an amplitude of 2:10 4 and a
full width at half maximum (FWHM) of 7 meV, which
is much smaller than the inhomogeneous broadening of
the linear absorption spectrum (dashed line, Fig.1), and
much larger than the system response function width
(solid line, Fig.1).
In the case of excitonic transitions, the saturation of
absorption occurs for bosonic excitations so that it can
not be due to a redistribution of an electronic popula-
tion among the ground and excited states as in atomic
systems, but to a change of the oscillator strength f and
homogeneous linewidth   of the excitonic transition, as
described in Ref.[28]. The analysis of power-dependent
measurements performed on the same sample [29] indi-
cated that the major nonlinearity in SWNTs arises from
the pump-induced change   of homogeneous linewidth
and that the oscillator strength renormalization f is
marginal. This implies that the width of the spectral
hole is given by  , instead of the standard 2  value as in
the case of absorption saturation in atomic systems [30].
The temperature dependence of the excitonic homo-
geneous linewidth is obtained by measuring the FWHM
of the spectral hole-burning signal as a function of tem-
perature. When raising the temperature, the dieren-
tial transmission T=T spectra become broader (Fig.1),
as expected from the phonon-induced broadening of the
excitonic transition. Above 150K, the limited spectral
range of our probe laser does not allow us to accurately
determine the intensity of the background signal at large
pump-probe detuning. This explains the reduction of the
relative precision of our measurements of   close to room
temperature (Fig.2, inset).
The thermal broadening is fairly reproduced by the
expression [17, 18, 20]:
 (T ) =  0 + aT + b exp

  E0
kBT

(1)
where  0 is the residual homogeneous linewidth in the
limit of zero temperature (in the range of several meVs
[13, 16{18]), aT the broadening due to low-energy acous-
tic phonons, and b exp

  E0kBT

the contribution of high-
energy phonons, such as radial breathing modes, that
dominates above 75K. While Ma et al. t their data with
a=0, b=254 meV and E0=105 meV [20], Yoshikawa et al.
take on the contrary b=0 with a ranging from 20 to 35
eV.K 1 [18]. In our case, the t displayed as solid red
line in Fig.2 is obtained by taking  0=6.90.2 meV, and
a=323 eV.K 1. Given the reduced precision of our
measurements above 150K (Fig.2, inset), the estimation
of E0 and b is more problematic. Even if the coupling
to high-energy phonons is not at the heart of this pa-
per, we have tried to obtain some estimates. Our data
can be tted by varying E0 from 20 and 75 meV, while
b changes from 10 to 250 meV, respectively. By xing
E0 to the energy ERBM of the radial breathing mode at
the zone center, we get b=114 meV with ERBM 25
3meV in our SWNTs for which the diameter is about 1.2
nm [31]. In the following, we will specically discuss the
linear temperature dependence below 75K corresponding
to low-energy acoustic phonons.
An interesting question is the contribution of pure-
dephasing in addition to population relaxation in the
phonon-assisted broadening in SWNTs. The pure de-
phasing is usually characterized by the T ?2 time given by
1=T2 = 1=2T1 + 1=T
?
2 where T1 and T2 are the popula-
tion and coherence relaxation times, respectively. Time-
resolved photoluminescence showed that the intrinsic re-
combination rate increases linearly with temperature up
to 300K [26]. Such a process provides a linear contribu-
tion ~aT to  (T ) shown by the red dashed line in Fig.2,
with ~a 0.04 eV.K 1 [26]. Since ~a  a, we con-
clude that phonon-assisted processes predominantly lead
to pure dephasing in SWNTs.
FIG. 2. Temperature dependence of the excitonic homoge-
neous linewidth: data (squares), theoretical ts (red solid
line). The dashed red line indicates  0 + ~aT where ~aT is the
temperature dependence of the population relaxation rate,
from Ref. [26]. Inset: same display on a larger temperature
range.
Although phonon-induced broadening was experimen-
tally investigated by means of various techniques for
SWNTs of dierent diameters [13, 16{18, 20], there is
so far no theoretical calculation of the exciton-phonon
coupling eciency in these 1D systems. In order to pro-
vide a quantitative interpretation of our measurements,
we have calculated the temperature-dependence of the
excitonic homogeneous linewidth due to the interaction
with acoustic phonons. For that purpose we have trans-
posed in 1D the theoretical treatment developped for 3D
excitons coupled to 3D phonons [9]. More specically, we
have considered the deformation potential interaction of
1D excitons with 1D phonons that consist of low-energy
acoustic phonon modes such as twisting (T) and stretch-
ing (S) modes [33]. The assumption of 1D phonon is
supported by the acoustical impedance mismatch of one
order of magnitude between the carbon nanotubes and
the gelatin. In the long-wavelength limit, the coupling
constants ue;hq of an electron (e) or a hole (h) to a phonon
of wave vector q [9] read in 1D for T and S modes:
ue;hq =
s
~q
2vL
De;h
p
Fc (2)
where v is the longitudinal sound velocity [33],  the
linear mass density, L the nanotube length, De;h the
deformation potential constant, and Fc the chirality-
dependent coupling factor of the T and S modes dened
in Ref. [33].
The homogeneous broadening due to the exciton-
phonon coupling is then given by the scattering rate
of excitons at k = 0 due to phonon absorption, calcu-
lated by the Fermi golden rule [9]. This scattering rate
is proportional to the Bose-Einstein occupation factor
n(T ) of the involved phonons. In the case of low-energy
phonons, n(T ) becomes linear for temperatures larger
than Ta where kBTa is the characteristic energy of the
acoustic phonons involved in the scattering processes. In
the present case, the linear term aT in Eq.1 thus ac-
counts for the coupling to the T and S phonon modes.
On the contrary, for high-energy phonons, n(T ) is ap-
proximated by a classical Boltzmann factor as long as
the temperature is much smaller than E0=kB where E0
is the characteristic phonon energy, given in the present
case by ERBM equal to 25 meV in our 1.2 nm diameter
SWNTs [31].
We focus on the linear term aT corresponding to the
pure-dephasing due to S and T phonons and we provide
below a quantitative interpretation of our estimation of
a=323 eV.K 1. Pure dephasing processes only con-
sist in intraband scattering within the fundamental ex-
citonic band. Energy and momentum conservation laws
impose that the mean acoustic phonon energy is given
by 2Mv2 where M=me +mh is the sum of the electron
and hole eective masses. With v=20 km.s 1 [32, 33]
and M=0.2m0 where m0 is the free electron mass [1],
we obtain a value of 0.9 meV. This justies the linear
approximation of the occupation factor for T &10K. As
far as the chirality-dependent factor Fc is concerned, it
is dicult to get an estimate since we perform ensemble
measurements where the pump laser saturates SWNTs
of dierent chiralities within the excitonic homogeneous
linewidth  . Since Fc varies from 1.45 to 1.95 as a func-
tion of the chiral angle c [33], we approximate it by its
mean value F1.7 in our calculations. Finally, we ob-
tain for the average broadening eciency a the following
expression:
a =
kBF
~v3
De 11 +   2rBmev~ 2  Dh
1
1 +
 
2rBmhv
~
2

2
(3)
where rB is the exciton Bohr radius. The ratios
2rBme;hv
~ express cutos in reciprocal space for phonons
4of wavevectors smaller than the Bohr radius. With rB in
the range of few nms [3], they are of the order of 0.1 and
are neglected in Eq.3. As a matter of fact, the average
broadening eciency takes the simple expression:
a ' kBF
0d~v3
jDe  Dhj2 (4)
where we have rewritten the linear mass density as 0d
(with 0 the value for 1 nm SWNTs, and d the SWNT
diameter in nm [33]). We would like to highlight that the
exciton massM does not appear in Eq.4 whereas a scales
likeM2 in 3D [9] andM in 2D [10]. This eect arises from
the modication of the density of states with the exciton
dimension p which results in a Mp 1 dependence. The
striking absence of the exciton mass M in Eq.4 is thus
specic to 1D systems and it leads to a situation where
the acoustic phonon dephasing eciency only depends
on characteristic constants of the phonon modes.
The quantitative interpretation of our experimental
data thus brings a direct estimation of the deformation
potential constantDe-Dh for low-energy acoustic phonon
modes, which is poorly documented in the literature con-
trarily to the corresponding ones for radial breathing
modes [34{36]. Note that due to the mirror symmetry of
the conduction and valence bands in SWNTs, me ' mh,
and one expects Dh '  De so that De   Dh does not
vanish, as expected for the deformation potential inter-
action where the electron and hole couplings are addi-
tive instead of substractive as for the Frohlich interaction
with optical phonons [9]. With 0=1.910 15kg.m 1
[33], v=20 km.s 1 [32, 33], the tted value of a=323
eV.K 1 leads to De Dh of 4 eV, which is smaller than
the theoretical value of 8 eV in Ref. [33] (labelled DA in
this reference), whereas Galland et al. deduce a larger
one of 14 eV from their experiments [13].
Eventually, we discuss the 1/d dependence of the a co-
ecient which was experimentally reported by Yoshikawa
et al. [18]. Their interpretation is based on the anal-
ogy with epitaxial semiconductor quantum wells or wires
where the a coecient scales like the inverse of the
nanostructure width W [7, 8]. We show here that the
underlying physics is however radically dierent in the
two cases. In quantum wells or wires, the 1/W depen-
dence arises from the coupling of 2D and 1D excitons to
phonons of higher dimensionality (3D) since these epi-
taxial nanostructures are embedded in a crystalline ma-
trix. Consequently, the characteristic component of the
phonon wavevector along the connement directions is
determined by the inverse of the nanostructure width W
because of the wavefunction matching condition that en-
sures a maximum matrix element for the exciton-phonon
interaction [10]. In our theoretical model where 1D exci-
tons interact with 1D phonons, the 1/d dependence can
not have the same origin. As a matter of fact, the ob-
served 1/d dependence of the a coecient [18] comes from
the linear mass density variation as a function of the nan-
otube diameter (Eq.4), which is is radically dierent from
1/W cut-o of the phonon wavevector in epitaxial quan-
tum wells and wires.
In summary, we have studied the temperature depen-
dence of the excitonic homogeneous linewidth by non-
linear spectral hole-burning experiments in ensembles of
SWNTs. We nd that the phonon-induced broadening
predominantly consists in pure dephasing. We have de-
velopped theoretical calculations of the exciton scatter-
ing rate by phonon absorption within a one-dimensional
framework for both excitons and phonons. We provide
a quantitative interpretation of our experiments. More-
over, we show that the 1/d dependence of the acoustic-
phonon dephasing eciency is specic to the exciton-
phonon interaction in the 1D systems formed by SWNTs
and that it originates from the linear variation of the
nanotube linear mass density with diameter.
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